Consistent evidence from pharmacological and genetic studies shows that cAMP is a critical modulator of synaptic plasticity and memory formation. However, the potential of the cAMP signaling pathway as a target for memory enhancement remains unclear because of contradictory findings from pharmacological and genetic approaches. To address these issues, we have developed a novel conditional genetic system in mice based on the heterologous expression of an Aplysia octopamine receptor, a G-protein-coupled receptor whose activation by its natural ligand octopamine leads to rapid and transient increases in cAMP. We find that activation of this receptor transgenically expressed in mouse forebrain neurons induces a rapid elevation of hippocampal cAMP levels, facilitates hippocampus synaptic plasticity, and enhances the consolidation and retrieval of fear memory. Our findings clearly demonstrate that acute increases in cAMP levels selectively in neurons facilitate synaptic plasticity and memory, and illustrate the potential of this heterologous system to study cAMP-mediated processes in mammalian systems.
Introduction
In the brain, activation of cAMP signaling occurs after stimulation of adenylyl cyclases by stimulatory G-proteins after binding of an extracellular ligand to a G-protein-coupled receptor (GPCR) and by Ca 2ϩ through the Ca 2ϩ -binding protein calmodulin (Wang and Storm, 2003) . Genetic and pharmacological studies provide strong evidence that the cAMP signaling pathway is crucial for learning and memory across species [for reviews, see Kandel (2004) and Skoulakis and Grammenoudi (2006) ]. However, critical questions remain about the potential of this pathway as a target for memory enhancement because of contradictory results from pharmacological and genetic studies. Elevation of cAMP levels by rolipram, an inhibitor of phosphodiesterases responsible for cAMP breakdown, or by forskolin, an activator of adenylyl cyclase, improves memory for passive avoidance tasks in rats (Bernabeu et al., 1997) and for contextual fear conditioning (Barad et al., 1998) and object recognition in mice (Bourtchouladze et al., 2003) . However, pharmacological activation of the cAMP pathway in prefrontal cortex impairs working memory (Taylor et al., 1999) . Genetic manipulations of several components of the cAMP pathway resulting in elevated cAMP levels by mutation of the cAMP phosphodiesterase, by augmentation of adenylyl cyclase activity, or by altering the expression of G-proteins lead to severe memory impairments in Drosophila (Dudai et al., 1976) and in mice Bourtchouladze et al., 2006) . In contrast to these findings, transgenic mice overexpressing type-1 adenylyl cyclase postnatally that exhibit elevated cAMP levels in forebrain neurons show enhanced memory for object recognition but unaltered fear and spatial memories . Together, these findings suggest that transient increases in cAMP signaling achieved by pharmacological manipulations may lead to memory enhancement, whereas constitutive upregulation of the pathway has deleterious or null effects on memory formation. Another issue raised by the contradictory findings from pharmacological and genetic studies relates to the cell type in which cAMP acts during memory storage. This is a critical question in light of the reported expression of functional G-protein-coupled receptors linked to cAMP accumulation in glia and interneurons (Milner et al., 2000; Krzan et al., 2001; Farber et al., 2005) and of increasing evidence that astrocytes may modulate synaptic plasticity and thereby modu-late memory storage (Allen and Barres, 2005; Pascual et al., 2005; Narita et al., 2006) .
To address these issues, a genetic tool is needed that combines the spatial regulation provided by transgenic techniques using cell-and tissue-specific promoters with the greater temporal regulation that is possible using pharmacological approaches. Here, we describe a novel conditional transgenic approach based on the heterologous expression in mice of an Aplysia octopamine receptor, a G-protein-coupled receptor that selectively activates the cAMP/PKA pathway after binding its natural ligand octopamine, leading to transient increases in cAMP levels (Chang et al., 2000) . We use this novel inducible system to assess whether acute increases of cAMP selectively in forebrain neurons can improve memory and to define the memory processes during which increasing cAMP signaling may lead to memory enhancement.
Materials and Methods
Generation of Ap oa 1 transgenic mice. Bitransgenic mice in which expression of the Ap oa 1 was under the control of the CaMKII␣ promoter combined with the tetracycline responsive system were used in our experiments. To generate mouse lines carrying Ap oa 1 under the control of the operator sequences to which the tetracycline-controlled transactivator binds, the cDNA encoding Ap oa 1 was subcloned into the EcoRV site of pMM400 (Mayford et al., 1996) . The tetO-Ap oa 1 transgene was purified away from vector sequences and microinjected into pronuclei of B6/CBA F1 zygotes that were implanted in pseudopregnant females. Founders were backcrossed to C57BL/6J mice. Four tetO-Ap oa 1 transgenic mouse lines were established. To generate bitransgenic animals, mice from these four lines were crossed to mice from a line that carried the tetracycline-controlled transcriptional transactivator (tTA) driven by the CaMKII␣ promoter (line B) obtained from Dr. Mark Mayford (The Scripps Research Institute, La Jolla, CA). Reverse transcription (RT)-PCR was performed on hippocampus total RNA extracts from bitransgenic mice from the four different tetO-Ap oa 1 lines to confirm expression of the Ap oa 1 . Further analysis by the in situ hybridization technique revealed expression in one of the four lines (line 3840), and therefore this line was selected for the experiments described in this report. We used 2-to 6-month-old male and female bitransgenic mice and wild-type (WT) littermates as controls for all our experiments. For genotyping tTA line B and tetO-Ap oa 1 transgenic mice, tail DNA was prepared and analyzed by Southern blotting using transgene-specific probes. Mice had ad libitum access to food and water and were maintained on a 12 h light/dark cycle with behavioral testing occurring during the light phase. All mouse lines were bred onto a C57BL/6J background for more than 10 generations. All experiments were conducted according to National Institutes of Health guidelines for animal care and use and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
RT-PCR and Nissl staining. For RT-PCR, hippocampi, amygdalae, cortex, striatum, and cerebellum from Ap oa 1 transgenic mice and wild-type littermates were dissected. Total RNA was extracted using Triazol reagent (Invitrogen) and then DNase treated and reverse transcribed with an oligo dT primer. The PCRs were performed for 40 cycles (10 cycles: 5 min at 95°C, 10 s at 98°C, 30 s at 68/66°C, and 1 min at 72°C; 30 cycles: 10 s at 98°C, 30 s at 66°C, and 1 min at 72°C). Ap oa 1 cDNA was amplified using the primers Bound-1 (5Ј-CAGCTGTTGGGGTGTCCACT) and Ap-1 (3Ј-AGGGAGACGATGAAGAAGTTGGT). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was amplified using the primers GAPDH-F (5Ј-AACTTTGGCATTGTGGAAGG) and GAPDH-R (3Ј-GGATGCAGGGATGATGTTCT). For detection of Nissl bodies, mouse brains were dissected and flash frozen in 2-methylbutane. Sagittal cryostat sections (20 m) were fixed and stained with thionin.
cAMP assays. Hippocampal slices were prepared as described previously (Abel et al., 1997) . Briefly, mice were killed by cervical dislocation, brains were removed, and hippocampi were rapidly dissected in the presence of chilled, oxygenated artificial CSF (aCSF). Acute, transverse hippocampal slices (400 m thick) were prepared using a tissue chopper and placed in an interface recording chamber (Fine Science Tools). ACSF, pH 7.4, containing 124 mM NaCl, 4.4 mM KCl, 1.3 mM MgSO 4 , 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 2.5 mM CaCl 2 , and 10 mM D-glucose bubbled with 95% O 2 /5% CO 2 was constantly perfused over slices at a rate of ϳ1 ml/min. Slices were allowed to recover for ϳ2 h before the experiments. Application of 100 M octopamine (Sigma) to hippocampal slices was achieved by addition to the perfusion solution. A 10 mM octopamine stock solution was made in aCSF. To determine cAMP levels in the hippocampal slices, we used a cAMP[
125 I] radioimmunoassay kit (Perkin-Elmer) following the manufacturer's instructions. Briefly, slices were homogenized in 50 l of ice-cold 6% TCA. TCA extracts were centrifuged at 2500 ϫ g at 4°C for 15 min, and supernatants were extracted four times with 5ϫ volume of water-saturated ether. Etherextracted supernatants were evaporated to dryness in a vacuum system (GMI), and residues were dissolved in 1 ml of buffer and assayed for cAMP levels. The protein pellets were reconstituted in 1N NaOH, and the protein content was determined using the Bradford method (Bradford, 1976) . cAMP levels are expressed as picomoles per milligram of protein.
cAMP and NeuN immunohistochemistry. Fifteen minutes after intraperitoneal injection of octopamine (1 mg/kg in PBS), mice were anesthetized with ketamine/xylazine and perfused with PBS followed by 4% paraformaldehyde in PBS. Fixed brains were dissected and then cryoprotected in 30% sucrose in PBS overnight at 4°C. Brains were mounted on cryostat chucks using OCT. Coronal sections were cut at a thickness of 30 m and collected in 50% glycerol in PBS. Floating sections were blocked for 1 h at room temperature in 2% normal goat serum (Invitrogen), 1% bovine serum albumin (GE Healthcare), and 0.2% Triton X-100 (Sigma) in PBS and then incubated overnight at 4°C in blocking solution with rabbit anti-cAMP or mouse anti-NeuN antibodies (1:1000; Millipore Bioscience Research Reagents) and for 2 h at room temperature with goat anti-rabbit IgG-Alexa488 (1:250; Invitrogen) or goat anti-mouse IgG-cy3 (1:250; GE Healthcare). Sections were washed three times for 5 min each in PBS before and after each incubation step. Sections were mounted on slides in Vectashield mounting medium with DAPI (Vector Laboratories) and imaged using a Zeiss LSM510 NLO confocal microscope using a 10ϫ objective and an AxioCam digital microscope camera (Zeiss).
pCREB immunohistochemistry. Thirty minutes or 2 h after intraperitoneal injection of octopamine (1 mg/kg in PBS), mice were anesthetized with isoflurane and perfused with PBS followed by 4% paraformaldehyde in PBS. Fixed brains were dissected and then cryoprotected in 30% sucrose in PBS for 2 d at 4°C. Brains were mounted on cryostat chucks using OCT. Coronal sections were cut at a thickness of 25 m, collected, and stored in PBS with 0.1% sodium-azide. After rinsing in PBS (3ϫ) and incubation in 0.3% H 2 O 2 (30 min) followed by rinsing in PBS (3ϫ), sections were preincubated in 5% normal goat serum (Jackson ImmunoResearch Laboratories) in PBS for 20 min at room temperature. After preincubation, sections were incubated with rabbit-anti-pCREB IgG (1: 2000; Millipore) or rabbit anti-pCREB IgG (1:200; Affinity BioReagents) in 1% normal goat serum, 0.3% Triton X-100, and 0.1% azide in PBS at room temperature for 48 h. Sections were then rinsed in PBS (3ϫ) and incubated for 3 h with biotinylated goat-anti-rabbit IgG (1:500; Jackson ImmunoResearch Laboratories) or with goat anti-rabbit IgG and HRPlinked antibody (1:200; Cell Signaling Technology) in PBS containing 0.3% Triton X-100 and 1% normal goat serum at 5°C. After rinsing with PBS (3ϫ), sections were incubated with the avidin-biotin-horseradish peroxidase complex (1:500; ABC kit; Vector Laboratories) in PBS containing 0.3% Triton X-100 for 2 h at room temperature. Finally after rinsing in PBS for half a day, sections were processed with diaminobenzidine (0.02% in Tris-HCl, pH 7.6) with 100 l of 0.1% H 2 O 2 as a reaction initiator. After 5 min, the reaction was stopped by washing the sections with PBS. Sections were mounted with gelatin (0.7%) and dried for 24 h. The mounted sections were then dehydrated using ethanol and xylene, coverslipped with DPX (Merck), and dried for 24 h.
Quantification. Images of the dorsal CA1 region of the hippocampus were taken using a Fisher Micromaster microscope with camera. Optical densities (ODs) of pCREB immunoreactivity were measured in the CA1 region of the dorsal hippocampus (five slices per animal, three animals per group) using ImageJ image analysis software. The OD is expressed in arbitrary units corresponding to gray levels. The value of background labeling was measured in the stratum radiatum of each individual section and subtracted from the OD value in the stratum pyramidale in area CA1 to account for variability in background staining among sections.
Electrophysiological analysis. To examine basal synaptic transmission and long-term potentiation (LTP), hippocampal slices were prepared as described in the previous section. Field EPSPs (fEPSPs) were elicited in CA3 axons with a bipolar stimulating electrode (0.5 mm; A-M Systems) and recorded using a glass micropipette (1.5 mm OD; A-M Systems) electrode filled with aCSF with a resistance of 2-4 M⍀, placed in the stratum radiatum of CA1. Data were acquired using ClampEx 9.2 and a Digidata 1322 analogto-digital converter (Molecular Devices) at 20 kHz and low-pass filtered at 2 kHz with a four-pole Bessel filter. Input-output curves were generated by measuring the initial slope of the fEPSP in response to systematic increases in the strength of the stimulus. Slices that had maximum amplitude responses of Ͻ4 mV were rejected. The stimulus strength was then set to elicit ϳ40% of the maximum response. For LTP experiments, test pulses were delivered to Schaffer collaterals once every minute for 15 min. Slices that did not have stable baseline responses for 15 min were rejected. To determine the effects of octopamine on LTP induced using a single 1 s, 100 Hz train of stimuli, octopamine (100 M, in 0.1% w/v ascorbic acid) or vehicle (0.1% w/v ascorbic acid) was added to the perfusate for 5 or 30 min starting at minute 16. The single 1 s, 100 Hz train of stimuli was delivered at minute 20 or 30, and synaptic responses to the test pulse were followed for 2 h after the tetanus. Octopamine or vehicle were washed out 1 min after delivering the tetanus.
For depotentiation experiments, a single 1 s, 100 Hz stimulus was delivered in the stratum radiatum of CA1 area, followed by a lowfrequency stimulus of 5 Hz for 3 min to elicit depotentiation 5 min after the tetanus. Octopamine or vehicle was perfused for 4 min right before the tetanus and was washed out 1 min after.
For whole-cell patch-clamp experiments, mice were anesthetized with 1-2% halothane. Coronal hippocampal slices (300 m) were prepared using standard method (Zhao et al., 2005) . Slices were transferred to a room temperature submerged recovery chamber with oxygenated (95% O 2 and 5% CO 2 ) solution containing the following: 124 mM NaCl, 25 mM NaHCO 3 , 2.5 mM KCl, 1 mM KH 2 PO 4 , 2 mM CaCl 2 , 2 mM MgSO 4 , and 10 mM glucose. After 1 h recovery, slices were placed in a recording chamber on the stage of an Axioskop 2FS microscope (Zeiss) equipped with infrared differential interference contrast optics for visualized whole-cell patch-clamp recordings. EPSCs were recorded from CA1 pyramidal neurons with an Axon 200B amplifier (Molecular Devices), and stimulations were delivered by a bipolar tungsten stimulating electrode placed in the Schaffer collateral afferents. Recording electrodes (2-5 M⍀) contained a pipette solution composed of the following: 120 mM K-gluconate, 5 mM NaCl, 1 mM MgCl 2 , 0.5 mM EGTA, 2 mM Mg-ATP, 0.1 mM Na 3 GTP, and 10 mM HEPES, pH 7.2 (280 -300 mOsmol). To examine the voltage dependence of EPSCs, Cs-gluconate was used to replace the K-gluconate. Access resistance was 15-35 M⍀ and was monitored throughout the experiment. Data were discarded if access resistance changed Ͼ10% during an experiment. The membrane potential was held at Ϫ65 mV throughout the experiment.
Surgeries and intracerebroventricular infusions. Mice were anesthetized with isoflurane, placed in a stereotaxic frame (David Kopf Instruments), and implanted with a 22 gauge guide cannula (Plastics One) into the lateral ventricle [anteroposterior from the bregma, Ϫ0.4 mm; lateral, 1.1 mm; depth, 2.3 mm (Franklin and Paxinos, 1997) ]. After surgery, mice were singly housed and allowed to recover for 1 week. On days 5 and 6 (after surgery), mice were gently handled. On day 7 (after surgery), mice were injected intracerebroventricularly by placing a needle through the guide cannula, which was connected to a microsyringe (Hamilton) via a polyethylene tube. Drug (100 g octopamine in 3 l of PBS) or vehicle (3 l of PBS) were delivered over a 1 min window, using a microinfusion pump (Harvard Apparatus), and the needle remained in place an additional 30 s to allow for diffusion of the drug. After the experiment, animals were killed, and their brains were coronally sectioned with a cryostat to verify cannula placement.
Fear conditioning. Fear conditioning experiments were performed in standard conditioning chambers (Med Associates). Mice were handled for 2 min for 2 consecutive days before contextual fear conditioning. On the day of acquisition, mice were placed in the conditioning chamber and after 2.28 min received a mild 2 s, 0.75 mA footshock. In experiments involving intracerebroventricular infusions, mice received a milder, 0.4 mA footshock. Mice were left in the chamber for additional 30 s before returning to the home cage. No tone was played at any time. Freezing behavior [defined as complete immobility except for breathing (Fanselow, 1980) ] was scored during the 3 min training session. During testing, 1 h (short-term memory) or 24 h after training (long-term memory), mice were placed back in the conditioning chamber for 3 min, and freezing behavior was scored. Different sets of mice were used for the 1 and 24 h retention tests.
To test the effects of intracerebroventricular octopamine infusions on the early stage of memory consolidation, mice were infused vehicle or octopamine immediately after training and returned to the home cage until the time of testing. To examine the effects of intracerebroventricular octopamine infusions on the late memory consolidation period, mice were trained as previously described and returned to the home cage, and 3 h after training, mice were infused vehicle or octopamine as described and returned to the home cage until testing. In all cases, mice were tested 24 h after training by placing them back in the conditioning chamber for 3 min. Freezing was scored during the 3 min testing session.
Object recognition. The object-recognition task consisted of a training phase and a testing phase. Before training, all mice were handled for 5 min per day for 4 d and habituated to the experimental apparatus for 4 consecutive days with 15 min of exploration in the absence of objects. During the training phase (15 min), mice were placed in the experimental apparatus (a white square open field 40 ϫ 40 ϫ 40 cm) with two identical objects placed 20 cm apart. After a retention interval of 24 h, mice were placed back into the square environment for the testing phase. Two objects were again present, but one of the familiar objects was now replaced with a novel one. Mice were again allowed to freely explore the environment and the objects for 10 min. All testing and training sessions were videotaped and analyzed by an individual blind to the genotype of the animals examined. A mouse was scored as exploring an object whenever any part of its body other than the tail was touching the object or whenever it was within 1 cm of the object and facing it. Measurement of the time exploring each object was recorded and expressed as the percentage of time spent exploring the novel object relative to the total time spent exploring both of the objects. The identity of the objects (which one was novel and which one was familiar), as well as the spatial location in which the novel and familiar objects were located, was counterbalanced between subjects.
Data analysis. Student's t test were used to analyze cAMP assays data, pCREB immunohistochemistry data, and behavioral data. Repeatedmeasures ANOVAs were used to analyze the LTP and depotentiation data using SigmaStat (version 2.03; Systat Software) and Statistica 7 (StatSoft). When significant interactions were found for ANOVAs, post hoc comparisons were made using Student-Newman-Keuls range statistics. Significance was established at p Ͻ 0.05. All data are expressed as mean Ϯ SEM. Experimenters were blind to genotype, and genotypes were confirmed by Southern blot analysis after biochemical, behavioral, and electrophysiological tests.
Results

Generation of Ap oa 1 transgenic mice
In invertebrates, octopamine is a biogenic amine neurotransmitter that mediates diverse functions in motor control and behavior through activation of specific octopamine GPCR receptors dispersed in the CNS (Farooqui, 2007) . In vertebrates, octopamine is a trace amine considered a metabolic byproduct of catecholamine synthesis. Its physiological/pathological relevance is unknown, but its endogenous levels in the rodent brain are several hundredfold below those of the classical neurotransmitters dopamine, norepinephrine, and 5-hydroxytryptamine (Berry, 2004) . The expression of an Aplysia octopamine receptor (Ap oa 1 ) in a human cell line (HEK-293) selectively stimulated cAMP synthesis after transient application of the natural ligand octopamine, whereas dopamine or serotonin had little or no appreciable effect in the activation of the receptor (Chang et al., 2000) . Moreover, the 10 known isoforms of the mouse adrenergic receptors expressed in CHO (Chinese hamster ovary) cells were poorly activated by octopamine as determined by cAMP levels, suggesting high selectivity of the octopamine ligand . Based on this evidence, we reasoned that this adenylyl cyclase-coupled octopamine receptor would be an ideal tool to conditionally achieve acute increases of cAMP signaling in the mouse brain (Fig. 1A) .
To target expression of Ap oa 1 to neurons within forebrain structures, we used the CaMKII␣ promoter combined with the tetracycline responsive system. One transgenic mouse line carried the tTA driven by the CaMKII␣ promoter; these mice are referred to as CaMKII␣-tTA line B or tTA(B) mice (Mayford et al., 1996) . These tTA(B) mice were crossed to transgenic mice that carried the Ap oa 1 transgene driven by the tet-O-promoter. Crossing transgenic mice from both mouse lines gave rise to double transgenics referred to as Ap oa 1 transgenic mice (Fig. 1 B) . We examined expression of the receptor by RT-PCR in different brain regions of Ap oa 1 transgenic mice and detected the expected 315 bp band in hippocampus, amygdala, cortex, and striatum, but not in cerebellum (Fig. 1C, top) . In contrast, this band was not detected in any of these brain regions from wild-type littermates (Fig. 1C , top) or in control reactions in which reverse transcriptase was not added (data not shown). To verify that expression of Ap oa 1 receptor only occurs when both the tTA and the tet-O-Ap oa 1 transgenes are present, we performed RT-PCR in hippocampus from wild-type, single tTA, single tetO-Ap oa 1 , and Ap oa 1 transgenic mice (Fig. 1C, bottom) . We found the expected band only in Ap oa 1 transgenic mice, indicating that expression of the Ap oa 1 transgene results from expression of the transactivator tTA driven by the CaMKII␣ promoter. Nissl staining of coronal sections from Ap oa 1 transgenic mice and wildtype littermates showed no gross morphological differences (data not shown).
Given that cAMP signaling pathways in the hippocampus are critically required for the formation of certain types of memory (Bernabeu et al., 1997; Wong et al., 1999) , and that cAMP increases mediate various forms of hippocampus synaptic plasticity thought to underlie memory storage (Chetkovich et al., 1991; Chetkovich and Sweatt, 1993; Frey et al., 1993) , we investigated the functionality of the Ap oa 1 receptor by measuring cAMP levels in hippocampal slices from Ap oa 1 transgenic mice after bath application of 100 M octopamine. This concentration was chosen because it led to maximal activation of the Ap oa 1 receptor, as measured by cAMP levels in mammalian cells (Chang et al., 2000) , and because it is in the range at which other GPCR agonists such as the ␤-adrenergic receptor agonist isoproterenol have effectively elicited increases in cAMP in hippocampal slices (Chetkovich et al., 1991; Chetkovich and Sweatt, 1993) . We found that cAMP levels significantly increased after bath application of octopamine for 5 min in Ap oa 1 transgenic mice (1674 Ϯ 288 pmol of cAMP per mg protein vs 962 Ϯ 57 pmol of cAMP per mg protein for octopamine vs vehicle treated slices; Student's t test; p ϭ 0.04). In contrast, cAMP levels did not significantly change in hippocampal slices from wild-type controls after octopamine administration (1153 Ϯ 88 pmol of cAMP per mg protein vs 939 Ϯ 102 pmol of cAMP per mg protein for octopamine vs vehicle treated slices; Student's t test; p ϭ 0.11, NS) (Fig. 1 D) . Longer bath application (15 min) of octopamine resulted in less of an increase in cAMP levels than that observed after 5 min, suggesting a peak response in cAMP elevation 5 min after Ap oa 1 activation (data not shown). To assess the in vivo activation of Ap oa 1 , cAMP levels were evaluated in Ap oa 1 transgenic mice and wild-type littermates 15 min after intraperitoneal injection of octopamine (1 mg/kg) using immunohistochemistry. We found that octopamine injection increased cAMP levels in Ap oa 1 transgenic mice compared with control littermates in the CA3 and CA1 regions of the hippocampus (Fig. 1 E, top) . To verify neuronal expression of the Ap oa 1 receptor, we performed cAMP and NeuN coimmunohistochemistry in hippocampal sections from Ap oa 1 transgenic mice. We found colocalization of the signal, confirming neuronal expression of the heterologous receptor as expected based on the use of the CaMKII␣ promoter (Fig. 1 E,  bottom) . The transcription factor cAMP-responsive elementbinding protein (CREB) is one of the downstream targets of cAMP known to play a key role in hippocampal synaptic plasticity and in memory formation (Josselyn and Nguyen, 2005) . To determine whether CREB phosphorylation at the serine 133 site was enhanced in Ap oa 1 mice after activation of the octopamine receptor, pCREB levels were assessed in the hippocampus from Ap oa 1 transgenic mice and littermate controls (single transgenics and wild types) 30 min and 2 h after intraperitoneal injection of octopamine (1 mg/kg) using immunohistochemistry (Fig.  1 F, G) . pCREB immunostaining was of greater intensity in CA1 and CA3 pyramidal neurons and in dentate gyrus granular cells from Ap oa 1 mice than in controls. In agreement with the 50% increase in cAMP levels observed in the hippocampal slices from Ap oa 1 mice after bath application of octopamine (Fig. 1 D) , quantification of pCREB levels in CA1 region of the hippocampus revealed a significant 33% increase in Ap oa 1 mice compared with controls 30 min after octopamine injection [OD (percentage of control): controls (n ϭ 3, 5 sections per mouse), 100 Ϯ 5.20%; Ap oa 1 (n ϭ 3, 5 sections per mouse), 133.46 Ϯ 7.78%; Student's t test, p Ͻ 0.05], and a significant 57.9% increase in pCREB levels 2 h after octopamine injection [OD (percentage of control): Ap oa 1 /vehicle (n ϭ 4, 10 sections total), 100 Ϯ 1.84%; Ap oa 1 / octopamine (n ϭ 3, 8 sections total), 157.9 Ϯ 16.05%; Student's t test, p Ͻ 0.01]. These data show that the increase in cAMP levels and cAMP signaling selectively detected in Ap oa 1 transgenic mice is attributable to conditional activation of the heterologously expressed receptor after binding its natural ligand.
Enhanced synaptic plasticity in Ap oa 1 transgenic mice after conditional receptor activation LTP, the activity-dependent increase in the strength of neuronal connections, is a form of long-lasting synaptic plasticity that has been proposed as a cellular mechanism of learning and memory (Maren, 2005) . Various studies report that cAMP levels rise transiently after induction of LTP in hippocampal slices (Chetkovich et al., 1991; Chetkovich and Sweatt, 1993; Frey et al., 1993) , and a form of LTP resulting from a single 1 s, 100 Hz train [early LTP (E-LTP) (Duffy et al., 2001) ] is enhanced when the tetanus is delivered during pharmacological (Barad et al., 1998; Gelinas and Nguyen, 2005) or genetic ) elevation of cAMP levels in hippocampal slices. Given these studies and our biochemical data showing an increase in hippocampal cAMP levels after octopamine application in Ap oa 1 mice (Fig. 1 E) , we hypothesized that hippocampal slices from these mice would show enhanced synaptic plasticity in the presence of octopamine. Before examining changes in LTP, we assessed basal synaptic properties in hippocampal slices from Ap oa 1 mice (Fig. 2) . Field potentials in the CA1 region of hippocampi from Ap oa 1 transgenic mice and wild-type littermates were elicited with bipolar stimulating electrodes placed in the Schaffer collaterals and characterized with respect to input-output relationship. We found that input-output curves relating presynaptic fiber volley amplitude to the initial slope of the corresponding fEPSP were not different between Ap oa 1 transgenic mice and wild-type littermates (Fig. 2 A) , and that maximum initial slopes of fEPSPs in Ap oa 1 transgenic mice and wild-type controls were similar (Ap oa 1 , 4.32 Ϯ 0.53; WT, 4.79 Ϯ 0.45), suggesting that basal synaptic transmission is normal in Ap oa 1 transgenic mice.
Using whole-cell patch-clamp recordings, we examined neuronal excitability and glutamatergic excitatory neurotransmission in CA1 pyramidal neurons of Ap oa 1 transgenic and wild-type mice. We found no differences between wild-type and Ap oa 1 transgenic mice in the number of spikes elicited in response to current injections of either 50 or 100 pA (Fig. 2 B, C) . In addition, there was no difference in the resting membrane potential between neurons from wild-type (Ϫ62.6 Ϯ 1.6 mV) and Ap oa 1 transgenic (Ϫ64.0 Ϯ 1.5 mV) mice. We also examined excitatory synaptic transmission from Schaffer collateral afferents to CA1 pyramidal neurons. To assess the voltage dependence of AMPA receptor-and NMDA receptor-mediated EPSCs, we recorded synaptic currents over a range of membrane potentials from Ϫ85 mV to ϩ55 mV. AMPA receptor EPSCs showed a linear I-V relationship with the reversal potential ϳ0 mV, and there was no difference between Ap oa 1 transgenic and wild-type mice in the slope and reversal potential of AMPA receptor EPSCs (Fig. 2 D) . NMDA receptor EPSCs showed a typical, rectified I-V relationship with the reversal potential ϳ0 mV, and no difference was found for the I-V relationship of NMDA receptor EPSCs between Ap oa 1 transgenic and wild-type mice (Fig. 2 E) . Together, these data indicate that basal synaptic transmission, neuronal excitability, and glutamatergic excitatory neurotransmission are normal in Ap oa 1 transgenic mice.
To test our hypothesis that Ap oa 1 activation would enhance long-term potentiation, hippocampal slices from Ap oa 1 and wild-type mice were subjected to a single train of tetanic stimulation after a 4 min Figure 1 . Conditional activation of the Ap oa 1 expressed in mouse forebrain neurons leads to increases in cAMP levels. A, Ap oa 1 is a G-protein-coupled receptor whose activation by octopamine stimulates adenylyl cyclase activity, which in turn synthesizes cAMP. B, Schematic of the generation of bitransgenic mice expressing Ap oa 1 [modified with permission from Mayford et al. (1996) , their Fig. 1A] . Two different transgenic lines are used: one expressing tTA under the control of the CaMKII␣ promoter (Mayford et al., 1996) and another carrying the Ap oa 1 cDNA under the control of tet operator sequences (tetO promoter). application of 100 M octopamine. In slices from Ap oa 1 transgenic mice, we found statistically significant larger E-LTP than in control slices exposed to vehicle and than in hippocampal slices from wild-type mice exposed to octopamine or vehicle (Fig. 3A) , with average potentiation at 60 min at 215 Ϯ 16% of baseline for octopamineincubated slices, 146 Ϯ 14% of baseline for vehicle incubated slices, and 126 Ϯ 9% and 130 Ϯ 7% of baseline for wild-type hippocampal slices exposed to octopamine and vehicle, respectively (Fig. 3B) (two-way repeated-measures ANOVA, F (1,31) ϭ 11.785; p ϭ 0.00171; post hoc Student-Newman-Keuls: octopamine-incubated Ap oa 1 transgenic slices compared with vehicle incubated, p ϭ 0.000385; compared with wild-type slices incubated with octopamine, p ϭ 0.000170, and with vehicle, p ϭ 0.000130). Moreover, fEPSP slopes remained significantly elevated for at least 2 h selectively in octopamine exposed slices from Ap oa 1 transgenic mice (Fig. 3A) , with average potentiation at 120 min at 198 Ϯ 22% of baseline. In contrast, fEPSPs returned to baseline levels in hippocampal slices from Ap oa 1 transgenic mice exposed to vehicle (98 Ϯ 9% of baseline) and from wild-type mice incubated with octopamine (111 Ϯ 8% of baseline) or vehicle (104 Ϯ 4% of baseline), indicating that binding of octopamine to its specific receptor is necessary to cause the enhancement of this form of LTP (Fig. 3B ) (two-way repeatedmeasures ANOVA, F (1,30) ϭ 10.664; p ϭ 0.00273; post hoc Student-Newman-Keuls: octopamine-incubated Ap oa 1 transgenic slices compared with vehicle incubated, p ϭ 0.000168; compared with wild-type slices incubated with octopamine, p ϭ 0.000144, and with vehicle, p ϭ 0.000176). Bath application of 100 M octopamine in the absence of tetanus had no effect on basal synaptic responses of hippocampal slices from Ap oa 1 mice (Fig. 3A) , in agreement with pharmacological studies showing that the type IV phosphodiesterase inhibitor rolipram alone has no effect on basal synaptic responses to stimulation of the Schaffer collateral pathway in hippocampal slices (Barad et al., 1998) , and with previous work reporting normal basal neural transmission in transgenic mice overexpressing type I adenylyl cyclase with increased hippocampal cAMP levels . These results demonstrate that the activation of Ap oa 1 causes the larger and longer-lasting E-LTP observed in the Ap oa 1 mice.
Depotentiation is a form of synaptic depression that can be elicited during early stages of LTP (Zhuo et al., 1999) . It has been reported that facilitated E-LTP induced us- Figure 2 . Baseline electrophysiological properties and neuronal excitability are normal in Ap oa 1 transgenic mice. A, Inputoutput curves relating presynaptic fiber volley amplitude to the initial slope of the corresponding fEPSP are not different between Ap oa1 transgenic mice (n ϭ 3 slices from 3 mice) and WT littermates (n ϭ 3 slices from 3 mice). B, Sample traces show that current injection from Ϫ50 pA to 100 pA with 50 pA steps for 400 ms induces repetitive action potentials in neurons of Ap oa 1 transgenic mice and WT littermates. C, There is no significant difference in the numbers of spikes with either 50 or 100 pA injected current between Ap oa 1 transgenic mice (n ϭ 7 neurons from 5 mice) and WT littermates (n ϭ 7 neurons from 5 mice). D, Current over a range of membrane potentials from Ϫ85 to ϩ55 mV shows no differences in I-V curve of AMPA receptormediated EPSC in Ap oa 1 transgenic mice (n ϭ 7 neurons from 5 mice) and WT littermates (n ϭ 9 neurons from 6 mice). Insets, The AMPA receptor EPSCs at holding potentials from Ϫ85 to ϩ55 mV in Ap oa 1 transgenic mice and wild-type littermates. E, No difference in I-V curve of NMDA receptor-mediated EPSC is observed between Ap oa 1 transgenic mice (n ϭ 7 neurons from 5 mice) and WT littermates (n ϭ 9 neurons from 6 mice). Insets, The NMDA receptor EPSCs at holding potentials from Ϫ70 to ϩ40 mV in Ap oa 1 transgenic mice and wild-type littermates. Values are mean Ϯ SEM. HP, Holding potential.
ing a single 1 s, 100 Hz train of electrical stimuli observed in transgenic mice overexpressing a constitutively active form of CREB shared properties with late LTP (L-LTP) triggered by four trains of stimulation, including resistance to depotentiation (Barco et al., 2002 (Barco et al., , 2005 . We therefore performed depotentiation experiments to investigate whether the facilitated E-LTP elicited after brief application of octopamine in the Ap oa 1 transgenic mice also confers this resistance to depotentiation to potentiated synapses. We used a single 100 Hz train stimulation to induce E-LTP in hippocampal slices from Ap oa 1 transgenic mice with bath application of either vehicle or octopamine 4 min before the tetanus, followed by a low-frequency stimulus of 5 Hz for 3 min (Zhuo et al., 1999) to produce depotentiation (Fig. 3C) . This low-frequency stimulus 5 min after the tetanus successfully depotentiated the previously potentiated synapses in Ap oa 1 transgenic mice exposed to vehicle (107.9 Ϯ 5% of baseline at 50 min after stimulus), but failed to depotentiate the synapses in Ap oa 1 transgenic mice exposed to octopamine (149.1 Ϯ 10% of baseline at 50 min after stimulus) (one-way repeated-measures ANOVA, F (1,10) ϭ 29.889; p ϭ 0.00027; post hoc Student-Newman-Keuls, p ϭ 0.000429). These results show that Ap oa 1 activation by octopamine treatment endows E-LTP with the resistance to depotentiation that is characteristic of L-LTP.
Inducible enhancement of memory storage and retrieval in Ap oa 1 transgenic mice
Prompted by the biochemical and physiological effects observed in response to the conditional activation of the Ap oa 1 receptor in the hippocampus of Ap oa 1 mice, we next examined the effects of acute increases of neuronal cAMP signaling on memory for contextual fear conditioning, a hippocampus-dependent task. Because robust learning can be triggered with a single training trial, contextual fear conditioning is an ideal task for examining the molecular mechanisms underlying the distinct temporal phases of memory. In this form of aversive learning, mice learn to fear an environment because of its temporal association with a footshock. When reexposed to the same context, conditioned mice show a variety of conditional fear responses, including freezing behavior (Fanselow and Poulos, 2005) . We first examined performance of Ap oa 1 transgenic mice and wild-type littermates in this task in the absence of octopamine. Ap oa 1 transgenic and wild-type mice showed similar freezing before and after the shock on training day (Fig. 4 A) (preshock: WT, 2.0 Ϯ 1.4%; Ap oa 1 , 4.1 Ϯ 1.8%; p ϭ 0.36, NS; postshock: WT, 10.4 Ϯ 4.6%; Ap oa 1 , 12.5 Ϯ 4.4%; Student's t test, p ϭ 0.73, NS), as well as during the test for contextual long-term memory performed 24 h later (Fig.  4 A) (24 h test: WT, 32.7 Ϯ 6.1%; Ap oa 1 , 37.2 Ϯ 5.4%; Student's t test, p ϭ 0.55, NS). These data show that in the absence of octopamine, expression of the Ap oa 1 per se does not interfere with learning or memory of contextual fear conditioning.
Previous studies performing pharmacological inhibition of Hippocampal one-train LTP is potentiated and lengthened in Ap oa 1 mice after octopamine application. A, Octopamine (100 M) has no effect on test fEPSPs generated at the CA3-CA1 synapses of Ap oa 1 transgenic mice (n ϭ 6 from 6 mice; Ap oa 1 , octopamine, no tetanus; gray squares). However, when LTP is induced by a single tetanus of 100 Hz for 1 s after 4 min of 100 M octopamine bath application, the resultant LTP is both larger and longer lasting in hippocampal slices from Ap oa 1 transgenic mice (n ϭ 8 slices from 8 mice; Ap oa 1 , octopamine; black squares) than in hippocampal slices from Ap oa 1 transgenic mice exposed to vehicle (n ϭ 9 slices from 9 mice; Ap oa 1 , vehicle; white squares) and in hippocampal slices from wild-type mice exposed to octopamine (n ϭ 9 slices from 9 mice; WT, octopamine; black circles) or vehicle (n ϭ 9 slices from 9 mice; WT, vehicle; white circles). Insets, Superimposed sample sweeps from before (red) and 120 min after (black) tetanus stimulation for Ap oa 1 transgenic cAMP signaling suggested a role for cAMP in establishing shortand long-term memory for context-dependent fear conditioning Ahi et al., 2004) . To examine whether Ap oa 1 activation had an effect on initial acquisition and/or on short-and long-term memory for contextual fear conditioning, Ap oa 1 transgenic mice and wild-type littermates were injected intraperitoneally with 1 mg/kg octopamine 30 min before fear conditioning. We found that immediate freezing responses were similar in Ap oa 1 transgenic mice and wild-type controls after the shock on training day [postshock: WT, 13.3 Ϯ 10.8%; Ap oa 1 , 16.6 Ϯ 11.8%; Student's t test, p ϭ 0.82, NS ( Fig.  4 B) ; postshock: WT, 18.9 Ϯ 5.0%; Ap oa 1 , 26.0 Ϯ 5.7%; Student's t test, p ϭ 0.35, NS (Fig. 4C) ], indicating that activation of the Ap oa 1 does not affect the acquisition of fear conditioning and the expression of freezing behavior. In contrast, Ap oa 1 transgenic mice froze significantly more than control mice when tested for short-term memory 1 h after training (Fig. 4 B) (WT, 31.0 Ϯ 10.1%; Ap oa 1 , 52.3 Ϯ 3.6%; Student's t test, p ϭ 0.05), as well as when tested for long-term memory 24 h after training (Fig. 4C ) (WT, 44.4 Ϯ 3.1%; Ap oa 1 , 65.4 Ϯ 3.0%; Student's t test, p ϭ 0.000018), suggesting that activation of the receptor enhances both short-and long-term memory for contextual fear conditioning in the transgenic mice. Moreover, freezing levels of wildtype mice receiving octopamine were similar to those showed by wild-type mice not injected with octopamine, during both the training and the testing sessions (Fig. 4 A-C) , indicating that intraperitoneal administration of octopamine per se does not affect aspects of performance such as perception of the environment, nociception, motor activity, or freezing behavior.
The apparent memory enhancement that we observed in Ap oa 1 mice after systemic octopamine administration may be attributable to the effects of Ap oa 1 activation on acquisition, consolidation, and/or retrieval. Previous studies showed that cAMP signaling critically modulates memory consolidation (for review, see Kandel, 2001) , and during consolidation of long-term memory for fear conditioning, two periods have been found to be sensitive to pharmacological inhibition of the cAMP pathways, one around the time of training and the other 3-6 h after training (Bernabeu et al., 1997; Bourtchouladze et al., 1998) . In contrast, pharmacological boosting of cAMP levels during the late but not during the early period of consolidation leads to enhanced memory (Bernabeu et al., 1997) . We therefore examined the effects of activating the Ap oa 1 receptor during the early and late phases of fear memory consolidation. It is known that trace amines such as octopamine in the CNS readily cross cell membranes and have a short half-life (30 s), and that their action is terminated after diffusion from the synaptic cleft into either postsynaptic or presynaptic structures, where enzymatic degradation by monoamine oxidase occurs (Durden and Philips, 1980; Paterson et al., 1990) . Based on this evidence, we hypothesized that intracerebroventricular infusion of octopamine would activate the Ap oa 1 in a transient manner as a result of the rapid inactivation of octopamine, thereby allowing us to tease apart the effects of Ap oa 1 activation on the early versus the late stages of memory consolidation, as described by the pharmacological approach (Bernabeu et al., 1997) . Thus, we performed intracerebroventricular infusions of octopamine immediately after and 3 h after training (Fig. 5B) . In a 24 h test, we found that although wild-type and Ap oa 1 mice showed similar freezing when injected immediately after training (WT/vehicle, 33.6 Ϯ 6.0%; WT/octopamine, 30.5 Ϯ 4.7%; Ap oa 1 /octopamine, 34.2 Ϯ 7.5%), Ap oa 1 transgenic mice exhibited significantly higher freezing when receiving octopamine 3 h after training than wild-type mice infused with octopamine (Fig. 5B)   Figure 4 . Ap oa 1 transgenic mice exhibit enhanced short-and long-term memory for contextual fear conditioning but normal learning after octopamine injection. A, Training and 24 h long-term memory test during contextual fear conditioning in the absence of octopamine. There is no difference in freezing behavior between Ap oa 1 transgenic mice (n ϭ 8) and wildtype littermates (n ϭ 8) during training either before (Preshock) or after (Postshock) the shock, or during testing 24 h later. B, Training and 1 h short-term memory test during contextual fear conditioning in Ap oa 1 transgenic and wild-type littermates when octopamine (1 mg/kg) is injected intraperitoneally 30 min before training. Ap oa 1 transgenic mice (n ϭ 6) and wild-type littermates (n ϭ 6) show the same levels of freezing before and after the shock during training. However, Ap oa 1 transgenic mice exhibit significantly higher levels of freezing when reexposed to the fear-conditioned context 1 h after training. C, Training and 24 h long-term memory test during contextual fear conditioning in a different set of Ap oa 1 transgenic mice and wild-type littermates injected intraperitoneally with octopamine 30 min before training. No differences in freezing behavior are observed between Ap oa 1 transgenic mice (n ϭ 20) and wild-type littermates (n ϭ 19) before and after the shock during training. In contrast, Ap oa 1 transgenic mice show a significant increase in freezing behavior when reexposed to the fear-conditioned context 24 h after training. Values are mean Ϯ SEM. *p Ͻ 0.05; ***p Ͻ 0.005.
(WT/octopamine, 39.4 Ϯ 6.7%; Ap oa 1 /octopamine, 55.7 Ϯ 4.3%; Student's t test, p ϭ 0.04) or vehicle (WT/vehicle, 40.1 Ϯ 6.7%; Ap oa 1 /octopamine, 55.7 Ϯ 4.3%; Student's t test, p ϭ 0.04). These data show that activation of the Ap oa 1 at a late but not at an early stage during consolidation enhances storage of fear memory, and strongly suggest that boosting cAMP signaling pathways within neurons specifically during a late consolidation phase improves memory storage. These results do not, however, rule out a positive modulatory effect of enhanced cAMP signaling on retrieval that indeed was suggested by previous pharmacological studies (Barros et al., 2001; Murchison et al., 2004) . To assess the effects of Ap oa 1 activation on retrieval of fear memory, Ap oa 1 transgenic and wild-type mice were subjected to contextual fear conditioning, and 30 min before the test session that occurred 24 h after training, mice were injected intraperitoneally with octopamine. Ap oa 1 transgenic mice exhibited a significant increase in freezing to the context during the test session (Fig. 5C ) (WT, 44.4 Ϯ 6.1%; Ap oa 1 , 70.1 Ϯ 3.5%; Student's t test, p ϭ 0.002), indicating that Ap oa 1 activation enhanced retrieval for contextual fear memory.
Novel object-recognition tasks rely on the natural exploratory activity of rodents toward novel objects, and they provide a nonaversive single-trial learning paradigm (for review, see Dere et al., 2007) . Previous studies suggested that the cAMP pathway and CREB are required for long-term recognition memory but not for acquisition (Bozon et al., 2003; Pineda et al., 2004; Wang et al., 2004) . In addition, memory (but not acquisition) of object recognition was enhanced by pharmacological (Bourtchouladze et al., 2003; Rutten et al., 2007) and constitutive genetic increases in cAMP signaling. This evidence led us to examine Ap oa 1 transgenic mice in an object-recognition task. Ap oa 1 transgenic mice (n ϭ 6) and wild-type littermates (n ϭ 6) injected intraperitoneally with 1 mg/kg octopamine 30 min before training spent similar amount of time exploring the two objects (WT, 26.2 Ϯ 9.5%; Ap oa 1 , 29.8 Ϯ 12.8%), indicating that Ap oa 1 activation did not alter attention, motivation, and visual perception during training. However, in a 24 h retention test, Ap oa 1 transgenic mice exhibited a significantly increased preference for the novel object (WT, 66.9 Ϯ 1.5%; Ap oa 1 , 72.8 Ϯ 1.0%; Student's t test, p ϭ 0.01). These results show that acute Ap oa 1 -mediated increases in cAMP may also improve memory for object recognition.
Discussion
We have described here a novel genetic approach for spatially and temporally regulated, inducible elevation of cAMP signaling in mice based on the heterologous transgenic expression and conditional activation of a G s -coupled receptor, the Aplysia octopamine receptor. Using this novel genetic system, we have shown that the neuronal cAMP signaling pathway is an ideal target for memory enhancement, and provide the first genetic evidence that increasing cAMP signaling selectively improves consolidation and retrieval of memory. The 50% increase in cAMP levels in our experiments was approximately one-fourth of the increase reported in response to bath application of the adenylyl cyclase activator forskolin, and one-half of that observed in response to the type IV phosphodiesterase inhibitor rolipram (Barad et al., 1998) , or the ␤-adrenergic receptor agonist isoproterenol (Chetkovich and Sweatt, 1993) . However, our results reflect neuronspecific increases in cAMP, and cannot be directly compared with those obtained with pharmacological inducers of cAMP elevation that may cause cAMP increases in other cell types. Our finding that cAMP levels in transgenic hippocampal slices significantly increased after 5 min of octopamine application but declined after 15 min indicates a rapid and transient elevation of cAMP after receptor activation. These observations are consistent with fluorescent resonance energy transfer studies on the spatiotemporal dynamics of cAMP in neurons that demonstrated the rapidity and short duration of cAMP signals after application of various neuromodulators (Bacskai et al., 1993; Hempel et al., 1996) . Unlike bath application of drugs like forskolin and expression of conventional transgenes affecting cAMP, our approach thus produces a biological effect that more closely resembles the dynamics of actual, endogenous cAMP signaling. . Ap oa 1 transgenic mice exhibit enhanced memory consolidation and retrieval for contextual fear conditioning after octopamine injection. A, Top, Schematic depicting location of cannula chronically implanted in the lateral ventricle (LV). Bottom, A representative Nissl-stained coronal brain section of a mouse to verify cannula placement. B, Freezing behavior during a 24 h long-term memory test in wild-type mice injected with vehicle (WT, vehicle) or with 100 g octopamine (WT, OA) intracerebroventricularly and in Ap oa 1 transgenic mice injected with 100 g octopamine intracerebroventricularly (Ap oa 1 , OA) immediately or 3 h after training. Wild-type mice injected with vehicle (n ϭ 6) or octopamine (n ϭ 6) and Ap oa 1 transgenic mice injected with octopamine (n ϭ 6) immediately after training show the same levels of freezing to the fear-conditioned context when reexposed 24 h after training. However, Ap oa 1 transgenic mice injected with octopamine (n ϭ 16) 3 h after training exhibit significantly increased freezing behavior compared with wild-type mice injected with vehicle (n ϭ 13) and with wild-type mice injected with octopamine (n ϭ 15) when reexposed to the conditioning context. C, Training and 24 h long-term memory testing during fear conditioning in Ap oa 1 transgenic mice and wild-type littermates receiving an intraperitoneal injection of octopamine (1 mg/kg) 30 min before the retrieval session. Ap oa 1 transgenic mice and WT mice show similar levels of freezing during the training session (Baseline). However, Ap oa 1 transgenic mice (n ϭ 8) exhibit significantly increased freezing behavior compared with wild-type mice (n ϭ 6) during the contextual fear memory test 24 h after training. Values are mean Ϯ SEM. *p Ͻ 0.05; ***p Ͻ 0.005.
